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Introduction: 

Considerable research effort has been expended i n  recent years on 

the development of refractory high strength filamentary materials. Such 

materials when produced b y  evaporative or vapor conversion methods, 

have shown great promise, but have either not been dimensionally con- 

tinuous, or have been limited in  their strengths by the natures of the 

continuous substrates upon which they have been deposited. 

Extremely high strength graphite whiskers of limited length have 

been generated via sublimation from a carbon arc by R. Bacon(’), and 

gas reaction graphite whiskers of similar geometric limitations and 

lower strengths have been produced by Meyer and by Papaleges 

and B ~ u r d e a u ( ~ ) .  G a s  reaction coatings of pyrolytic graphite have 

been deposited on graphite yarns by Higgs(*) et al, P a p a l e g i ~ ( ~ )  and 

.others, but the irregularities of the substrate surfaces have limited 

(2 1 

the product strength. Strong, extremely flexible sheet filaments of 

pyrolytic graphite have been produced by Robba(’), but these have yet 

to be generated in  continuous form in thicknesses which wil l  optimize 

strength. 

Silicon carbide whiskers, produced by gas conversion, have pos- 

sessed  high strength, but have been non-uniform i n  physical proper- 

ties and of limited lengths (6) . 
This contract was initiated with a thorough survey of literature per- 

taining t o  synthesis,  treatment and properties of pyrolytic materials. 
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A reference survey is presented i n  this report, indicating types of 

information available from various sources and designating, where 
$ 

possible, the pages upon which such information can be found. 

Surveillance of this literature has indicated that the strengths of 

whiskers coatings and massive pyrolytic graphite deposits have 

been strongly influenced by three parameters: 

1, Substratum Surface. 
2. Specimen Thickness 
3. Subsequent Treatment (i.e. annealing, hot and cold work) 

Smooth substratums, thin deposits, and good orientation through 

treatment should provide an optimum pyrolytic filament. This pro- 

gram will consider these three parameters i n  the development of 

high strength filamenss. 
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Approach: 

The surface upon which pyrolytic graphite sha l l  be deposited will 

receive first  attention in  the course of this study. 

Control of thickness and manner of deposition shal l  subsequently 

be considered. Improvement of properties by annealing and working 

sha l l  then be attempted. 
\ 

The substratum for pyrolytic deposition which will receive first  

consideration sha l l  be a liquid surface. The deposition of a sheet 

filament upon a liquid surface suggests several useful applications 

to  the production of strong continuous filament: 

1. The surface should shear readily t o  permit continuous 

withdrawal of graphite f i lm  as it is generated over the liquid. 

' 2. This ease  of shearing may a l so  permit fairly thin pyro- 

lytic f i l m s  to be generated and withdrawn without danger of rupture. 

3. A liquid surface should maintain itself relatively free 

of imperfections and contribute strongly t o  the integrity and strength 

of f i l m  deposits. 

4. By virtue of i t s  perfection, a liquid surface should 

tend t o  be non-nucleating, and may thus permit a n  uninterrupted, 

continuous growth of graphite, initiated from a pyrolytic graphite 

seed. 

5. A f i l m  grown on such a surface should be relatively 

free of those s t resses  often introduced by an  unyielding, solid 

substratum. 
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A material which may serve a s  a liquid substratum for pyrolytic 

deposition of graphite must  fu l f i l l  several  requirements: It should 

be molten at graphite deposition temperatures; i t  must be incapable 

of forming carbides; it should have low solubility for carbon; its 

vapor pressure at graphite deposition temperatures should be neg- 

ligible. Platinum possesses  these properties, and experimental 

equipment is now being assembled to test the feasibil i ty of pyrolysis 

on molten platinum. Should this approach be feasible, deposit pro- 

perties as affected by deposition parameters sha l l  be studied, and 

modifications sha l l  be 'introduced to develop continuous fi lament 

approaches. 

One alternate approach t o  substratum studies, which may be pur- 

sued if deposition on liquid metal is not feasible will be the improve- 

ment of surface f inish of graphite yarn prior t o  pyrolytic deposition. 

Pyrolytic graphite coatings on batches of graphite yarn have been 

(3 1 generated by Papalegis and Bourdeau 

graphite yarn by Higgs, et al(4)J and continuous coatings on tung- 

s ten  wire by Hough"), i n  fulfillment of contracts for Wright-Patterson 

Air Force Base, but the effects of substrate modification have not been 

determined. 

continuous coatings on 
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T h i s  approach will undertake t o  dissolve trace quantities of graphite 

(8) from fiber surfaces by attack with boiling mercury, t i n  or zinc t o  

reduce irregularities on the substrate, and permi t  a controlled com- 

parison of deposit strengths. 

Other substraturns which wi l l  be considered are polished rhenium 

and tantalum. Rhenium does not carburize, and, with its high t em-  

perature capability, may provide a very satisfactory surface for f i l m  

deposition. Tantalum, which forms a tight, thin carbide f i lm ,  a l so  

has promise a s  a deposition surface. A s m a l l  quantity of rhenium 

foil has been ordered, and the tantalum is on hand. 

Nickel foil has a l so  been ordered i n  preparation for another approach 

to th is  program. At temperatures below the melting point of nickel 

(1453 "C), carbon sha l l  be pyrolytically deposited upon the nickel 

surface and subsequently the substratum sha l l  be selectively etched 

away or evaporated. Attempts sha l l  then be made t o  graphitize the 

pyrolytic carbon residue. 

Continuous generation of graphite whisker by the s t ress ing of fila- 

ment above 3 000°C shal l  be attempted. Carbon is tD be supplied by 

sublimation from a hot graphite ring susceptor t o  the nucleation site 

from which the whisker is drawn. It is intended that s t ress  and rapid 

diffusion of carbon along the whisker "a" planes to the nucleation 

site sha l l  effect the continuous growth of whisker. 
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Following the determination of appropriate deposition surfaces, the 

l i m i t s  of deposition thickness and their effects upon strength and in- 

tegrity sha l l  be explored. 

The filamentary materials will then be subjected t o  annealing and 

working for improvement of properties. It is anticipated that thin 

deposits, being l e s s  prone to  self-restriction of ordering, will  permit 

better reorientation of structure by treatment. 
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Reference 

R. Bacon, "The Structure and Properties 
of Graphite Crystals", from "Growth and 
Perfection of Crystals", John Wiley & Sons, 
N.Y., 1958 

L, Meyer, "Graphite Whiskers", Proc. of 
the 3rd Conference on Carbon, Pergamon 
Press, Inc., 1959 

F.E. Papalegis and R.G. Bourdeau, 
"Pyrolytic Reinforcing Agents for 
Ablative Erosi on-Re sis tant Composites 'I, 
ASD-TDR-63-403, May, 1963. 

Higgs, Finicle, Bobka, Seldin & Zeits ch, 
"Research and Development on Advanced 
Graphite Materials, Vol. XXXVII - 
Studies of Graphite Deposited by Pyrolytic 
Processes" WADD TR61-72, May 1964. 

W. A. Robba, Pyrogenics personal 
communication, 1964 

L. A. Yerkovitch and He P. Kirchner, 
"Growth and Mechanical Properties of 
Filamentary Silicon Carbide Crystals ", 
WADD TR61-252, June 1962 

R. L. Hough, "Refractory Reinforcements 
for Ablative Plastics, Part IV: Synthesis 
Apparatus for Continuous Filamentous 
Reinforcements ' I ,  ASD-TDR-6 2 -2 6 0, 
Part IV, Dec. 1963. 

Comment 

Excellent treatise on graphite 
whisker growth and physical 
testing. 

M. Hansen, "Constitution of Binary Alloys", "Boiling mercury, cadmium, t in and 
McGraw Hill, 1958, p. 348 zinc dissolve only traces or unweigh- 

able amounts of carbon which pre- 
cipitate on cooling i n  the form of 
graphite 'I. 

Discussion of growth mechanism 
and high diffusion rate along 
basa l  planes. 

Very informative summary. 
Whisker growth, batch filament 
coating. 

PG deposition on graphite yarn 
by resistance heating. Excellent 
investigation of numerous parameters 
and their effects upon synthesis 
and properties. PG by evaporation. 

Continuous PG filaments deposited 
over resistance heated tungsten 
wire. 
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D. B. Fischbach, W.V. Kotlensky and 
A. W. Thompson 

"Space Program Summary: Report No. 
37-22, V O ~ .  IV, JPL, Aug. 31, 1963 
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"Space Program Summary" Report No. 
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W. V. Kotlensky 
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"Research Summary" Report No. 36-4, 
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"Research Summary" Report No. 3 6-5 
Vol. II., JPL, Nov. 1, 1960 

"Research Summary" Report No. 36-6, 
Vol. 11. , JPL, Jan. 2, 1961 

"Research Summary" Report No. 36-8, 
Vol. IV, JPL, May 1, 1961 

"Research Summary" Report NO. 3 6- 10, 
Vol. I, JPL, Aug. 1, 1961 
"Research Summary" Report No. 36-11, 
JFL, Nov. 1, 1961 
"Research Summary" Report No. 36- 12, 

Vole 1, JPL, Jan. 2, 1962. 

Comment 

Flexure Testing of PG 

Orientation vs. strength and 
ductility; 2-stage deformation. 

Mechanical forming of PG. 
Activation energy studies for PG 
formation, p. 43, 44, 45 

Kinking effect by tensile test. 
Effects of heating and deformation 
on graphitization. 

Growth Data 

Discussion of structure of PG 
and crystalline Graphite . 
Discussion (p. 9 09 1) of orientation, 
structure and deformation. 

Effects of strain rate. Effects of 
growth cones upon strength. 
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29 R. J. DiefendOrf, "The Deposition of 
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"Pyrolytic Graphite --- How Structure 
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Comment 

"Elimination of growth cone 
structure'' p 99 

Good reference source for structural 
studies of PG 

Good discussion of deformation 
mechanism. 

Utilization of bend test accommodating 
numerous specimens at temperature 
and i n  vacuo simultaneously. 

0 

High film strength at 50-150A 

Effects of gas contamination on loss 
of shear  strength between basal 
planes . 
Heat treatment at 3600'C produces 
essent ia l ly  single crystal  character- 
istics. 

PG growth on filaments, p. 816 
Gas transformation and deposition 
mechanics, p 818 - 820. 

Good discussion of growth and of 
structural effects by annealing. 
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Comment 

Testing in  helium. 3-dimensional 
ordering increased with deformation. 

Suggests 16% deforination at 2,750"C 
has very real benefits. 

Discussion of s l i p  mechanism. 
Good models of structure. 

Thorough description of very high 
temperature tensile testing furnace e 

Measurement of substrate deflection. 

Appears applicable for room and 
high temperature testing of f i l m s  
and wires. 

Interesting for fiber testing, 
probably only room temperature 

For room temperature testing of 
hollow cylinders. 
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Comment 

Machine, apparently manufactured, 
for testing whiskers and f'b A ers. 

Whiskers bonded t o  machine by 
S-diphenyl carbazide adhesive. 

Wire - 1 ft.  long; spring deflection 
indicates load; vernier indicates 
deflection. 

Induction heated tensile equipment; 
heated tungsten grips; moly alloy 
ball joints 

Good discussion of whisker and 
f i l m  the oxy. 

Cone formation and causes. 

Bending Tests and mathematical 
stress studies. 
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Superalloy wires, drawn - . 001". 
Slitting, winding , sheathing , 
testing. 

Discussion of orientation and align- 
ment by heat treatment. 

Growth and s l ip  of graphite crystals. 

W. C. Coons "A Rapid Method for Polishing 
Pyrolytic Graphite" Metal Progress, June 1962. 

T.V. Brassard and A. S. Holik, 'Preparing Sensitive t int  vs. straight polar- 
Various Graphites for Metallographic Exam- 
ination", Metal Progress, May, 1962. rotary polishing, etc. 

ized illumination; vibratory and 

W. C. Coons, "More on Polishing Pyrolytic 
Graphite" Letter to Editor, Metal Progress, 
May, 1963. 

Comparison of polishing methods. 

E. E. Glenda Hughes, B. R. Williams and 
J. M. Thomas , "Etching of Graphite Surfaces 
with Oxygen", Transactions of The Faraday 
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Sixth Biennial Conference on Carbon, 1963. 

0 2  and C02 accellerate 
graphitization. 

67. "Research and Development on Advanced 
Graphite Materials, Summary Technical 
Report", WADD TR61-72, Vol. XLII, 
Aug., 1963. 

Graphite cement formulation. Large 
diameters reduce whisker strength. 
Whiskers by 3 methods, 2 a t  one atm. 
Low temp. whiskers weaker. Very 
comprehensive. 
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WADD TR 61-72, Vol. XXXV, April, 1964. 
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International Science and Technology, 
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Electrical anisotropy and uses  
for thermoelectric devices. 
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ordering. 

Technique of bonding whiskers to 
mounts. Study of wear and friction. 

Apparatus, controls, phase diagrsrns. 
Hi strength with 25 wt% ZrC. 

Young's modulus, shear  modulus, 
Poisson's ratio by sonic  resonance 
and U/S pulse velocity, and detection 
of variations such  as cracks, hard- 
ness, density, etc. 
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